Cytoplasmic membrane vesicles isolated from the gram-negative photosynthetic bacterium Rhodobacter capsulatus catalyzed the transport of nucleotides. No transport occurred in the intact bacteria unless they were pretreated with EDTA. The transport rate was measured by incorporation of radioactive phosphate into externally added ADP or by incorporation of nonradioactive phosphate into added labeled ADP. The catalytic activities which utilized the added ADP were photosynthetic ATP synthesis, Pi-ADP exchange, and adenylate kinase. These activities were shown to occur on the cytoplasmic side of the internal membrane. The products were found in the outer medium. The rate of nucleotide transport across the membranes was comparable to the rate of photophosphorylation. These results indicated that nucleotides can be transported across the cytoplasmic membrane but not across the outer membrane of the native R. capsulatus cell. Therefore, by analogy to the mitochondrial ATP-ADP translocator, the exchange might function as an energy transfer system to the periplasm of these bacteria.
Nucleotide transport activity occurred in isolated cytoplasmic membrane vesicles and in spheroplasts but did not occur in intact cells of the gram-negative photosynthetic bacterium Rhodobacter capsulatus (5) . These observations led to the conclusion that the outer membranes of intact cells of this bacterium are impermeable to these molecules. This is a unique phenomenon, since nucleotides permeate the outer membranes of other free-living gram-negative bacteria but are not transported across the cytoplasmic membranes (15) . Only degradation products such as nucleosides or bases can be transported into the cytoplasms of these bacteria (21) . Although not common among free-living gram-negative bacteria, nucleotide transport was found in the intracellular parasitic bacteria Rickettsia prowazekii (20) , Chlamydia psittaci (3), and Bdellovibrio bacteriovorus (17) and in the symbiont Frankia sp. (19) .
Transport activity was monitored indirectly by measuring the photophosphorylation or hydrolysis of externally added diphospho-and triphosphonucleosides. These enzymatic activities occur inside the cytoplasmic membranes of spheroplasts and membrane vesicles (5) and therefore require the transport of the externally added reagents. The indirect measurements of transport were complemented by direct assay of the uptake of radiolabeled nucleotides in membrane vesicles (6) . The resolution of the direct method was limited, since uptake proceeded only until radiolabel equilibrium between the inside and outside pools was reached. However, the indirect method allowed measurements of the transport of relatively large amounts of nucleotides over an extended time. In this work, transport of nucleotides was characterized in bacteria whose outer membrane permeabilities were modified by treatment with EDTA. Removal of some of the lipopolysaccharides by this treatment (2) caused a dramatic increase in the rate of nucleotide transfer across the outer membrane. This was found to be the mildest treatment which allowed the study of the transport of exogenous nucleotides and their initial metabolism in the bacteria.
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MATERIALS AND METHODS
Media and growth conditions. R. capsulatus B10 was grown anaerobically in the light or aerobically in the dark in a medium as described previously (16) . Cells were harvested at the exponential phase, washed with 100 mM TricineNaOH (pH 8), and suspended in the same medium.
Preparation of vesicles. Freshly harvested bacteria were broken by N2 pressure cells (Yeda Press), and right-side-out and inside-out cytoplasmic membrane vesicles were separated by centrifugation as described previously (8) .
EDTA treatment. Cells (final concentration, 0.5 mg of bacteriochlorophyll [Bchl] per ml) were suspended in a medium containing 4 mM EDTA and 100 mM Tricine-NaOH (pH 8) and were incubated for 30 min at 30°C. After incubation, MgCl2 was added to a concentration of 50 mM as indicated, and the bacteria were precipitated by centrifugation and suspended in 100 mM Tricine. Spheroplasts were prepared as described previously (22) .
Formation of 32P,-labeled ANP. The incorporation of 32P, into adenosine phosphates (ANP) was assayed in a medium containing 50 mM Tricine-NaOH (pH 8), 8 mM MgCl2, 1.8 mM ADP, 3 mM K2H32P04 (2 x 106 cpm/ml), and cells containing 15 ,ug of Bchl per ml in a total volume of 1 ml. The reaction mixture was preincubated in Warburg vessels in an atmosphere of N2 for 10 min at 30°C. The reaction was started by the addition of ADP, proceeded for 5 min in the light (105 ergs/cm2 per s) or in the dark, and was terminated with cold C13CCOOH (final concentration, 5%). For thinlayer chromatography of the reaction products, the reaction was terminated by the addition of ethanol (final concentration, 33%) and incubation for 4 methanol (7:2) and measured by using an E768 of 6.9 x 104/mM per cm. Protein was determined by the method of Lowry et al. (11) . 32P-labeled ANP was determined after the precipitation of Pi from the reaction medium (18) . Phosphorylated products were separated by thin-layer chromatography on polyethyleneimine cellulose with 0.3 M NH4HCO3 as a solvent. The positions of the nucleotides were identified with UV light. The chromatogram was cut into 5-mm strips for radioactivity counting.
RESULTS
Nucleotide permeation ability through the outer membrane. The dependence of reactions catalyzed inside the bacteria on externally added substrates was used as an assay of transport across the cell envelope. Intact cells of R. capsulatus catalyzed incorporation of radioactive phosphate into exogenous ADP at very low rates. However, spheroplasts or EDTA-treated bacteria catalyzed phosphate incorporation into ADP at much higher rates (Table 1) . Since we have shown that right-side-out membrane vesicles catalyze similar rates of photophosphorylation (5), it can be concluded that the rate-limiting step of the overall reaction in intact cells is the transport of ADP across the outer membrane. This barrier was removed in spheroplasts and in cells modified by EDTA. EDTA treatment of gram-negative bacteria is known to alter the permeability of the outer membrane to a variety of compounds (2) . The phenomenon does not depend on growth conditions, since it occured in cells which were grown anaerobically in the light or aerobically in the dark. The rates in the two cases were comparable if calculations were based on total protein, because the proteinto-chlorophyll ratio for phototrophically grown cells was 1/70 (wt/wt). The rate of phosphate incorporation into ANP was almost as high as the rate of photophosphorylation catalyzed by inside-out cytoplasmic membrane vesicles (5).
In those membrane vesicles, the enzymes which catalyze the reaction face the outer medium, and substrates do not have to be transported across membranes. The rate similarity might also indicate that phosphorylation of ADP to ATP was the major process that took place in EDTA-treated cells in linear for at least 1 h in the light (Fig. 1 phosphorylation could result in the formation of more ATP than AMP. From the results, the rate of ADP conversion was calculated to be 55. 9 ,umollmg of Bchl per h, which was slightly lower than the rates obtained for the incorporation of 32P1 into added ADP. This discrepancy could result from the fact that the contribution of P1-ADP exchange activity to the incorporation of P, into ANP could not be detected in the
[3H]ADP experiments. These experiments indicate that the externally added ADP was probably transported into the bacteria, where it was converted by biochemical processes. Compartmentation of activity. Cells were fractionated in order to locate the compartments in which incorporation of P1 into ANP takes place. The periplasmic fluid obtained during spheroplast preparation contained most of the soluble cytochrome C2 (not shown) but had no phosphorylation activity ( Table 3) . Most of the light-driven activity resided in the membranous fractions and was inhibited by dicyclocarbodiimide (DCCD). The cytoplasmic compartment catalyzed most of the activity in the dark but was insensitive to DCCD. It seems that the light-driven activity is due to photophosphorylation of ADP, since the ATP synthase is located on the cytoplasmic membrane and therefore on the membrane vesicles and is specifically inhibited by DCCD (12) . Incor- 
ADP) for 30 min under conditions described in Materials and
Methods. The products of the reaction (O) and the unreacted ADP (m) were separated by thin-layer chromatography. Counting was done as described in the legend to Fig. 3. and in the light, respectively (Fig. 3) . As indicated by the previous experiments, ATP was the major product in the light. In the dark, mainly ADP is labeled, possibly as a result of Pi-ADP exchange catalyzed by polynucleotide phosphorylase (9) . ATP could be formed from ADP by adenylate kinase in the dark. Indeed, adenylate kinase activity was observed in the cytoplasmic fraction as monitored by the formation of labeled ATP and AMP from [3H]ADP (Fig. 4) .
In addition to exogenous ADP, AMP and adenosine were transported and served as substrates for the incorporation of Pi into ANP in EDTA-treated cells (Table 4 ). The rate of activity was inversely proportional to the number of phosphate residues attached to the nucleoside. The product's of these reactions are currently being identified.
DISCUSSION
Reactions catalyzing inicorporat'ion of Pi into ANP. We have previously demonstrated (5, 6 ) that nucleotides are transported across the membranes of right-side-out cytoplasmic membrane vesicles of R. capsulatus. The physiological significance of this phenomenon could, however, be evalu- bacteria. Yet is was important to find the mildest possible perturbation which alters the permeability of this membrane. EDTA treatment is less invasive than spheroplast preparation but was sufficient to induce nucleotide transport across the two membranes. ATP synthesis from exogenous Pi and ADP was found to be the major reaction catalyzed by EDTA-treated cells under an anaerobic atmosphere in the light. In the absence of a driving force for ATP synthesis, mainly Pi-ADP exchange and adenylate kinase activity were observed in the dark. The latter two activities were catalyzed by cytoplasmic enzymes at a lower rate than ATP synthesis was but also proceeded in the light. The enzymes catalyzing all three activities, which resulted in the incorporation of Pi into ANP, were located either in the cytoplasm or on the inner side of the cytoplasmic membrane, while the products were found in the outer medium.
Although the bacteria contained a pool of nucleotides, it was mostly the transported exogenous ADP which was labeled in these experiments. The total internal volume of the bacteria in the experiments was 1.1 p.l/ml of reaction medium, assuming an internal volume of 70 ,ul/mg of Bchl (13) . Assuming an internal ADP concentration of 1 mM, labeling of the total internal pool would yield 1.1 nmol, compared with approximately 900 nmol obtained in 1 ml during a reaction time of 15 min (Fig. 1) . These calculations concur with the fact that hardly any labeling occurred in the absence of added ADP (Fig. 1) .
The mode of nucleotide transport was not easy to analyze from experiments which were conducted with bacteria with rapidly metabolized substrates, such as ADP. A much more defined system was that of the right-side-out cytoplasmic membrane vesicles, in which direct transport of radioactive ADP was measured. It was shown (6) that the rate of transport into the vesicles depends on both the internal and the external concentrations of ADP, as expected in an exchange reaction. The efflux from vesicles loaded with nucleotides also depends on the presence of ADP in the outer medium. These experiments supported the possibility that the translocator catalyzed the exchange of nucleotides across the cytoplasmic membrane.
Involvement of porins in nucleotide transport through the outer membrane. EDTA treatment changes the transport properties of the outer membrane of gram-negative bacteria for both hydrophilic and hydrophobic molecules. The replacement of lipopolysaccharides removed by EDTA treatment from the outer layer by phospholipids was suggested to cause an increase in the hydrophobicity of the membrane (15) . This change in lipid composition was proposed (2) to alter the properties of transport of hydrophilic molecules through the porins. Porins which were isolated from Salmonella typhimurium and reconstituted into liposomes facilitated the diffusion of nucleotides and other solutes up to approximately 600 daltons (14) . Porins isolated from R. capsulatus have transport capacities and molecular properties resembling those of porins from other gram-negative bacteria (1). Although nucleotide transport was not assayed with porins isolated from R. capsulatus, the suggestion that they could mediate nucleotide transport when subjected to the proper lipid composition is in agreement with the known properties of these channels in other gram-negative bacteria. Therefore, our finding that nucleotides in EDTA-treated R. capsulatus cells crossed the outer membrane could indicate that the modification in lipid composition induced transport through the porins.
Relations to other nucleotide transporters. Transport activity in the EDTA-treated cells was not inhibited by bongkrekic acid or atractyloside (data not shown), which are inhibitors of the mitochondrial ADP-ATP exchanger (10) . The lack of inhibition was not due to the inaccessibility of the inhibitors, since similar results were obtained for nucleotide transport activity in right-side-out (4, 7, 8) and insideout vesicles prepared from the cytoplasmic membrane of R. capsulatus. The ADP-ATP exchanger from R. prowazekii is also insensitive to the mitochondrial inhibitors (20) . The translocator from R. capsulatus differs from the other two exchangers in its substrate specificity. In addition to ADP and ATP, it transports GTP, GDP, ITP, IDP (5), AMP, and adenosine. The apparent rate of transport of adenosine and AMP was lower than that of the other nucleotides which were tested. However, the true rate has yet to be determined by direct measurements of transport.
As in the case of the mitochondrial ADP-ATP exchanger, the role of the nucleotide translocator in R. capsulatus might be to serve as an energy transfer system. Since the outer membrane is impermeable to nucleotides, the transporter could mediate an exchange of nucleotides between the cytoplasm and the periplasm without a loss to the medium. It can be speculated that in the periplasm, nucleotides could be used to energize transport or to serve in formation of sugar nucleotides, which can be used as precursors for cell wall and capsule synthesis. A search for such activities in the periplasm is presently in progress. It should be noted that the highly folded membranes of the photosynthetic bacteria result in a much larger periplasmic space than is usually found in gram-negative bacteria. It is therefore possible that nucleotide transport is advantageous in organisms with a large periplasmic space.
